Grazing incident-angle X-ray diffraction measurement was performed to observe the initial stage of tetragonalto-monoclinic (t-m) phase transformation in 3 mol % Y 2 O 3 -stabilized tetragonal ZrO 2 (3Y-TZP) body exposed to hot water at 140°C, i.e. low temperature degradation (LTD) aging treatment. In the 3Y-TZP body after LTD aging for longer than 15 min, small amount of monoclinic phase was detected, while the as-sintered specimen consisted of tetragonal phase. The monoclinic phase was observed only at the surface portion with the thickness of less than about 100 nm. The t-m transformation in 3Y-TZP in hot water initiated from the surface of the specimen.
Introduction
The Y 2 O 3 -stabilized tetragonal ZrO 2 polycrystal (Y-TZP) has been one of the most important ceramics for the sake of broad applications such as grinding media, thermal barrier coatings and precision parts, because of the unusual combination of strength, fracture toughness, and low thermal conductivity. 1),2) These attractive characteristics are largely attributed to the stability of tetragonal structures. Tetragonal ZrO 2 phase is stable only at high temperatures in nature, but can be stabilized at room temperature by addition of stabilizer such as Y 3+ owing to the introduction of oxygen vacancies.
3)6) Deterioration of tetragonal ZrO 2 ceramics at low temperatures from 150 to 400°C, however, was reported in the 1980s, particularly in humid air or aqueous environment. 7) , 8) This phenomenon, so-called low temperature degradation (LTD), is ascribed to martensitic phase transformation of tetragonal-to-monoclinic (t-m) phase, resulting in premature failure. According to the literature, 2),9)11) the LTD of TZP has been explained in terms of diffusional penetration of water molecules (OH ¹ ions); OH ¹ ions fill oxygen vacancies in Y-TZP, and trigger the t-m transformation due to the reduction of oxygen vacancy concentration.
Microstructure of TZP after LTD aging test has been examined by atomic force microscopy (AFM) and transmission electron microscopy (TEM).
12),13) The AFM observation indicated that the martensitic nature of the t-m phase transformation proceeded from surface of the material; the onset of t-m transformation was confirmed by martensitic transformation of the surface of TZP body. However, in order to elucidate the LTD process, microstructure evolution at the earliest stage of the t-m phase transformation must be observed. The present study aims to clarify time evolution of the t-m phase transformation in 3 mol % Y 2 O 3 -stabilized tetragonal ZrO 2 polycrystal (3Y-TZP) induced by accelerated degradation aging test in hot water, and to find out initiation of the phase transformation. For this purpose, grazing incidence-angle X-ray diffraction (XRD) measurement was carried out on 3Y-TZP sintered bodies, which were exposed in hot water at 140°C with the exposed time in a range from 0 to 45 min.
Experimental procedures

Sample preparation
The starting material used in the present study was 3 mol % (5.2 mass %) Y 2 O 3 -stabilized tetragonal ZrO 2 powder (TZ-3Y; Tosho, Tokyo, Japan) manufactured by hydrolysis process. The raw powder was pressed uniaxially into a disk at 50 MPa and then cold isostatically pressed at 200 MPa. The green compact was heated up to 1350°C in air at a constant heating rate of 100°C/h, and then the sintering temperature was kept for 2 h. Relative density of the sintered bodies were 97% of the theoretical density, 14) and an average grain size of the sintered materials was 0.25 m. 15) The surfaces of 3Y-TZP bodies were polished to minor state by using diamond slurry.
LTD aging test
In the present study, TZP specimens exposed in hot water at 140°C for 045 min were prepared, in order to elucidate the LTD process in TZP body. The LTD aging test was carried out in a polytetrafluoroethylene (PTFE) container filled with distilled water at a temperature and pressure of 140°C and 0.4 MPa, respectively. The mirror polished disk-shaped TZP bodies were placed in the PTFE container filled with distilled water at room temperature. The PTFE container was inserted into a stainless steel airtight container, and the stainless steel container was then heated in a high-temperature oven (model PVH-111; Espec, Japan) to elevate the water temperature in the PTFE container to 140°C. It took 30 min to raise the temperature of the water from room temperature to 140°C. In the LTD test, the time for exposing the specimens to the hot water at 140°C was set to 15, 30, or 45 min. After the LTD heat treatment for 1545 min at 140°C, the PTFE container was taken out of the oven and cooled from 140 to 40°C in 30 min. For comparison, an as-sintered and mirror polished TZP specimen (i.e., 0-min specimen) was also prepared.
XRD measurement
Phase transformation behavior from tetragonal to monoclinic phases in the LTD tested specimens was analyzed by grazing incidence-angle XRD measurement. High brightness, in-plane type XRD equipment with Cu K¡ radiation (SmartLab; Rigaku, Tokyo, Japan) was used for the present measurement. A schematic of the measurement setting is shown in Fig. 1 . The reflection angle 2ª was recorded from 27 to 32°at a constant grazing incidence angle ½. In the present measurements, the grazing incidence angles of 0.35, 0.4, 1, and 5°were employed, and a scan rate and scan step were set to 1°/min and 0.02°, respectively. Space groups of the tetragonal and monoclinic crystal structures are P4 2 /nmc 16) and P2 1 /c, 17) respectively. The lattice parameters of tetragonal phase are a = b = 0.3618 nm, c = 0.5163 nm, and those of monoclinic phase is a = 0.5151 nm, b = 0.5212 nm, c = 0.5317 nm, ¢ = 99.23°.
Results and discussions
The XRD profiles with different incident angles ½ obtained in the surface of the specimen LTD-tested for 30 min are shown in Fig. 2 . In the profiles for the examined ½ values, the main diffraction peak at 2ª = 30.2°was assigned as (101) from the tetragonal phase [(101)t]. Another peak at 2ª = 28.3°was assigned as (111) from the monoclinic phase [(111)m] in the XRD profiles for ½ = 0.35 and 0.4°. The m-phase peak was, however, insignificant in the diffraction patterns taken at ½ = 1 and 5°. The differences in the intensity of diffraction peaks are attributed to the difference in X-ray penetration depth.
The penetration depth, l, for which the X-ray beam is attenuated to 1/e of its initial value, can be given by 18) 
ð1Þ where ª C is the critical angle for total reflection, ® is an X-ray linear attenuation coefficient, and is the wave length of the X-ray (=1.541 ¡). The value of ª C for 3Y-TZP was determined to 5.93 mrad (0.34 deg). 19 ) Mass attenuation coefficients (® divided by mass density) of O, Y, and Zr at = 1.541 ¡ are 11.5, 134, and 143 cm 2 /g, respectively. 20) Using the density of 6.05 g/cm 3 , the value of ® of 3Y-TZP is then calculated to be 336 cm
¹1
. Based on Eq. (1), the penetration depth as a function of ½ in 3Y-TZP is depicted in Fig. 3 . The penetration depth steeply increased at the incident angle of around 0.35°. The penetration depth of X-ray in the present materials at the grazing incidence angles of, 0.35, 0.4, 1 and 5°were 44, 111, 491, and 2.6¯m, respectively, as indicated by the circles in Fig. 3 .
In Fig. 2 , the monoclinic phase was detected only from the XRD profiles acquired from the surface portion with the thickness of less than 111 nm. The fraction of m-phase was, in contrast, too low in the specimen surface region with the thickness of more than 400 nm to detect by the Fig. 1 . Schematic of apparatus setting for grazing incidenceangle XRD measurement. XRD. In other words, the present grazing incident-angle XRD measurement is feasible to detect the initial stage of t-m phase transformation. In addition, the thickness of about 100 nm was significantly lower than the average grain size of the specimen. The present result indicated the following points; (1) most part of the specimen remained as tetragonal phase after the LTD aging for 30 min, and (2) the monoclinic phase existed only at the surface of the specimen. The t-m transformation was likely to initiate from the specimen surface exposed in water.
The diffraction profiles with the grazing incident X-ray angle of 0.4°for the specimens with different LTD aging times are shown in Fig. 4 . Because the grazing incident angle was set to 0.4°, the XRD patterns in Fig. 4 corresponded to the phase compositions of the surface regions with the depth within 111 nm. The peak from (111)m was not observed in the 0-min specimen, i.e. the as-sintered and polished specimen without LTD aging. This result indicated that neither present sintering nor polishing condition posed t-m phase transformation. In contrast, the monoclinic phase was seen in the LTD-aged specimens with the aging time of even 15 min. The t-m phase transformation initiated from the surface of the sintered body just after the LTD aging for 15 min. The intensity of the diffraction peak of the monoclinic phase increased with the increasing aging time from 15 to 30 min, but almost unchanged with the increasing aging time from 30 to 45 min. Depth of t-m transformed region must be beyond 111 nm after the LTD aging for more than 30 min.
In our previous study, LTD aging test was performed in 3Y-TZP bodies sintered at 1350°C for 210 h, and the time evolution of t-m phase transformation was examined by conventional XRD measurement. 21) In the 3Y-TZP sintered at 1350°C for 2 h, presence of m-phase was first detected by the LTD aging for 8 h, and about 3 mass % of tetragonal phase transformed to monoclinic phase after LTD aging test for 24 h. The present grazing incident XRD measurement, in contrast, revealed that the t-m transformation began at the specimen surface just after the 15 min-LTD aging. The initiation of t-m transformation in Y-TZP during the LTD aging took place just after the beginning of water exposure.
Conclusions
The grazing incident-angle XRD measurement was performed to understand the initial stage of the t-m phase transformation at the surface of the 3Y-TZP specimen exposed in hot water at 140°C. Before LTD aging, the specimen consisted of monolithic, tetragonal phase. In the 3Y-TZP body after 30 min-LTD aging, small amount of m-phase was detected only at the surface portion with the thickness of about 100 nm. The incident X-ray dangle of less than 0.4°was required to measure the initial stage of t-m transformation. The grazing incident-angle XRD measurement revealed that the t-m transformation occurred at the aging time of only 15 min. The t-m transformation in 3Y-TZP under hot water initiated from the surface of the specimen just after the beginning of water exposure. 
